We have proposed that reduced activity of inosine-5Ј-monophosphate dehydrogenase (IMPD; IMP:NAD oxidoreductase, EC 1.2.1.14), the rate-limiting enzyme for guanine nucleotide biosynthesis, in response to wild-type p53 expression, is essential for p53-dependent growth suppression. A gene transfer strategy was used to demonstrate that under physiological conditions constitutive IMPD expression prevents p53-dependent growth suppression. In these studies, expression of bax and waf1, genes implicated in p53-dependent growth suppression in response to DNA damage, remains elevated in response to p53. These findings indicate that under physiological conditions IMPD is a rate-determining factor for p53-dependent growth regulation. In addition, they suggest that the impd gene may be epistatic to bax and waf1 in growth suppression. Because of the role of IMPD in the production and balance of GTP and ATP, essential nucleotides for signal transduction, these results suggest that p53 controls cell division signals by regulating purine ribonucleotide metabolism.
INTRODUCTION
Beyond being the basic units of nucleic acids, nucleotides are ubiquitous molecular regulators. Nucleotides modulate diverse cellular processes by noncovalent allosteric regulation; covalent chemical activation via cleavage of high-energy phosphate bonds; covalent transfer of modulatory phosphate moieties; and providing the high energy output of phosphate bond cleavage for macromolecular conformational changes (Lehninger, 1975) . Although many of the processes controlled by nucleotides are specific to their own biosynthesis and metabolism, they regulate a variety of other cellular processes as well (Lehninger, 1973; Criss and Pradhan, 1976; Pall, 1985) .
Adenine and guanine ribonucleotides are the most frequently used nucleotides for molecular regulation, functioning to modulate important biochemical reactions in all aspects of cell function (Pall, 1985) . Our interest in ATP and GTP as molecular regulators relates to their function as essential components of growth signal transduction pathways. Interestingly, in cellular signaling, ATP-dependent and GTP-dependent mechanisms appear to be restricted to one of two distinct phosphate cleavage reactions. ATP mechanisms employ covalent phosphoryltransfer (reviewed in Sibley et al., 1987; Aaronson, 1991; Cantley et al., 1991; Hunter, 1995) , whereas GTP mechanisms use phosphate hydrolysis (reviewed in Reed, 1990; Simon et al., 1991; Hall, 1992; Chant and Stowers, 1995) . Phosphoryltransfer modifies the catalytic or association properties of signaling molecules, whereas the energy of phosphate hydrolysis fuels structural rearrangements that lead to activation of GTP-bound proteins. Effectors of the balance of these distinct regulatory mechanisms may be important factors for integrated regulation of cellular growth signals.
Given the importance of ATP and GTP in signal transduction, their metabolism may be an important factor for cellular signaling (Pall and Robertson, 1988; Sherley, 1991) . However, effects of nucleotide metabolism on cellular signaling have received relatively little attention (Franklin and Twose, 1977; Kharbanda et al., 1990; Rizzo et al., 1990) . Certainly the concentra-tion of GTP and ATP must be maintained above some critical level for normal cell signaling, and control of the GTP:ATP ratio may be an important mechanism for integrated signaling regulation. Thus, an important level of signaling control may be mechanisms that regulate adenine and guanine ribonucleotide concentrations.
Recently, we discovered an association between guanine ribonucleotide biosynthesis and cell growth regulation in response to expression of the wild-type p53 gene (Sherley, 1991; Sherley et al., 1995a; Liu et al., unpublished observations) . The p53 gene is well known for its role in normal cell growth regulation in diverse mammalian tissues (reviewed in Levine and Momand, 1990; Donehower and Bradley, 1993; Gottlieb and Oren, 1996) . Mutations that destroy wild-type p53 function are the most commonly observed genetic defect in diverse human tumors (Hollstein et al., 1991) . Using cells that conditionally express physiological quantities of wild-type p53 protein, we showed that p53 expression causes growth suppression associated with a reduction in guanine ribonucleotide biosynthesis (Sherley, 1991) . This biosynthetic defect was attributed to a p53-dependent reduction in the levels of inosine-5Ј-monophosphate dehydrogenase (IMPD; IMP:NAD oxidoreductase, EC 1.2.1.14), the rate-limiting enzyme for guanine nucleotide biosynthesis (Sherley, 1991; Liu et al., unpublished data) .
Although there are a number of hypotheses for the significance of p53 mutations in carcinogenesis, the normal cellular function of the protein remains an enigma (Vogelstein and Kinzler, 1992; Kinzler and Vogelstein, 1996; Ko and Prives, 1996) . We have suggested that under physiological conditions p53 functions primarily to regulate IMPD activity by controlling the expression of IMPD mRNA (Sherley, 1991; Sherley, 1996; Liu et al., unpublished observations) . As an essential, rate-limiting, branchpoint enzyme in the pathway for purine nucleotide biosynthesis, IMPD is a major regulator of the production and balance of GTP and ATP (Crabtree and Henderson, 1971; Lehninger, 1975) . Reductions in its activity lead to decreased GTP concentration, a decreased GTP:ATP ratio, and a decreased GTP:GDP ratio (Lui et al. 1984; Jayaram et al., 1993) . We have provided evidence that the first two alterations also occur in response to wild-type p53 expression and can account for p53-dependent growth suppression (Sherley, 1991; Sherley et al., 1995a) . By analogy, p53 may regulate the cellular GTP:GDP ratio as well.
Previous studies indicate that beyond its role in the biosynthesis of nucleic acids, IMPD provides a regulatory function for cell growth (Cohen et al., 1981; Cohen and Sadée, 1983; Rizzo et al., 1990) . IMPD expression is elevated in proliferative states like malignancy (Jackson et al., 1975; Jackson et al., 1976; Proffitt et al., 1983; Konno et al., 1991; Collart et al., 1992; Weber et al., 1992) and decreased during cell differentiation . Consistent with the view that these associations reflect a regulatory function for IMPD in cell division control, inhibition of the enzyme with specific inhibitors causes growth arrest (Cohen et al., 1981; Cohen and Sadée, 1983; Lui, 1984; Lee et al., 1985; Turka et al., 1991) and differentiation (Kiguchi et al., 1990) .
In previous studies, IMPD was predicted to play a unique role in the regulation of DNA replication by controlling guanine ribonucleotide pools (Cohen et al., 1981; Cohen and Sadée, 1983) . We and others have shown that IMPD is distinct from other nucleic acid precursor synthesis enzymes with respect to its expression during the cell cycle and its response to growth stimuli like serum (Stadler et al., 1994) . Whereas nucleotide synthesis enzymes typically show greatly reduced activity in nonreplicative phases of the cell cycle and in response to growth factor withdrawal (Hochhauser et al., 1981) , IMPD activity is maintained at near constant levels (Stadler et al., 1994; Liu et al., in preparation) . We have proposed that this expression pattern reflects a special role for the enzyme in molecular processes that control the division potential of cells (Stadler et al., 1994; Liu et al., in preparation) .
Previously, we have reported evidence that IMPD activity is a critical determinant of p53-dependent growth regulation. Specifically, we demonstrated that IMPD mRNA, protein, and activity are reduced in response to wild-type p53 protein expression (Sherley, 1991; Liu et al., unpublished data) and that nucleoside precursors that promote the formation of guanine ribonucleotides in the absence of IMPD function are able to prevent growth suppression by p53 (Sherley, 1991; Sherley et al., 1995a) . In this report, we detail a direct test of this hypothesis by impd gene transfer. We demonstrate that transfection of a constitutively expressed IMPD cDNA abrogates p53-dependent growth suppression. The impd-transfected cells produced in this study are p53-resistant, exhibiting high rates of growth despite expressing growth-suppressive levels of wild-type p53 protein. This result solidifies our previous proposal that modest decreases in IMPD activity in response to p53 expression have profound consequences for cell growth (Sherley, 1991; Sherley et al., 1995a; Sherley, 1996; Liu et al., unpublished data) .
These studies also shed light on the relationship between IMPD and other p53-responsive genes previously proposed as mediators of p53-dependent growth effects. In a previous study (Liu et al., unpublished data) , we have shown that high level, p53-induced expression of bax and waf1, genes implicated as mediators of p53-dependent apoptosis and cell cycle arrest in response to DNA damage, respectively (El-Deiry et al., 1993; Miyashita et al., 1994; Selvaku-maran et al., 1994; Deng et al., 1995) , can occur in the absence of growth suppression. Similarly, the expression of these genes remains high in response to p53 expression in p53-resistant impd transfectants derived in the present study. Thus, the results presented herein not only confirm IMPD as a rate-determining mediator of p53-dependent growth regulation, but also indicate that if bax and waf1 function as p53 mediators in the absence of DNA damage, then IMPD activity prevents their growth suppression activity. Given the role of IMPD in adenine and guanine ribonucleotide metabolism, we postulate that p53-dependent growth regulation reflects the ability of p53 to control the level and/or balance of purine ribonucleotides engaged in integrated molecular regulation of cell growth signals. 
MATERIALS AND METHODS

Materials
Cell Culture
Zinc-dependent, p53-inducible Ind-4 and Ind-8 cells and control Con-2 and Con-3 cells were maintained as subconfluent monolayers in DMEM, supplemented with 10% dialyzed fetal bovine serum (JRH Biosciences, Lenexa, KS) and 5 g/ml puromycin (Sigma), at 37°C in a humidified incubator with 5% CO 2 . The details of the derivation of these specialized lines are described elsewhere (Liu et al., unpublished observations) . For routine maintenance, all cells were grown in 20 ml of culture medium per 75-cm 2 culture flask area. Vector transfectant derivatives were maintained in the same manner, except culture medium contained 0.5 mg/ml G418-sulfate (Life Technologies, Gaithersburg, MD). Impd transfectant derivatives were maintained in the same manner as vector transfectants, except culture medium was supplemented with 45 M ZnCl 2 . Before the initiation of experiments comparing zinc-free conditions to higher zinc levels, impd transfectants were cultured for 3 d in zinc-free medium.
In MPA resistance experiments, DMSO (Sigma) used as a carrier for the inhibitor was present in the culture medium at a final concentration of 0.017% (vol/vol) . No changes were noted in the growth of control MPA-free cultures (as described in Figure 4 ) that were grown with the same concentration of DMSO.
Derivation of Zinc-dependent, p53-inducible impd Transfectant Cells
Amplified plasmids for transfection were isolated by Qiagen column fractionation as specified by the supplier and further purified by CsCl equilibrium density gradient centrifugation. Five micrograms of either plasmid pCH2-5 (Collart and Huberman, 1988) , which encodes the Chinese hamster IMPD cDNA under control of the simian virus-40 promoter in vector pcD-X (Okayama and Berg, 1983) , or a derivative of pCH2-5 deleted for the entire IMPD cDNA sequence were cotransfected by the CaPO 4 procedure as previously described (Sherley, 1991) into 1 ϫ 10 6 Ind-8 cells with 2 g of a plasmid conferring resistance to the antibiotic G418-sulfate (pSLneo; Sherley, 1991) . The deletion derivative of pCH2-5 was prepared by digestion with BamHI followed by gel purification and circularization of the vector fragment.
At the time of selection in both 0.5 mg/ml G418-sulfate and 5 g/ml puromycin, the transfected cells were replated at 1/10 density in parallel in selective medium or selective medium containing 40 M ZnCl 2 to induce p53-expression (e.g., see Figure 1 ). Impd transfectant cell lines were derived from ring-cloned resistant colonies that arose from pCH2-5 cotransfections under p53-inducing conditions (40 M ZnCl 2 ). These colonies were expanded in selective medium containing 40 M ZnCl 2 , but thereafter maintained in selective medium containing 45 M ZnCl 2 . Vector transfectants were derived with colonies from cotransfections in zinc-free medium with the derivative of pCH2-5 that contained a deletion of IMPD sequences. Multiple colonies of each type were expanded, cryo-preserved in liquid nitrogen at first passage, and tested for Mycoplasma. All cell clones tested negative. Thereafter, all experiments were performed with cells maintained in culture for less than 50 population doublings.
Cell Growth Analyses
To initiate growth curve analyses, cells were grown over a 3-d period to about one-half confluency, trypsinized, and replated in zinc-free medium (i.e., DMEM supplemented with 10% dialyzed fetal bovine serum) at a cell:plating area:medium volume ratio of 1 ϫ 10 5 :25 cm 2 :5 ml. This ratio was held constant for all experiments, unless specified otherwise. Sixteen to 24 h later, the culture medium was replaced with the same volume of zinc-free medium or medium containing the specified concentration of ZnCl 2 . This time was designated as 0 h in the analyses. At subsequent times, cells were harvested by trypsinization from replicate flasks and counted with a Model ZM Coulter Counter. Doubling times were determined as previously described (Sherley et al., 1995a,b) .
Northern Blot Analyses
The preparation of nucleic acid probes for the detection of iMPD, mdm2, bax, waf1, and L32 mRNAs in Northern blot analyses has been described elsewhere (Liu et al., unpublished observations) . Northern blot analyses were performed using 5 g of total cytoplasmic RNA essentially as described (Sambrook et al., 1989) . Blots were exposed to preflashed radiographic film with a DuPont Cronex Lightning Plus enhancement screen at Ϫ80°C. For reprobing, blots were stripped by treatment with a Tris-buffered (50 mM, pH 8.0) 50% vol/vol solution of formamide at 72°C for 45 min.
Western Blot Analyses
Soluble Nonidet P-40 cell extracts were made as previously described (Stadler et al., 1994) . Extract protein concentration was determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA). For analysis, 40 g of extract protein for each examined sample were separated by SDS-PAGE in 10% polyacrylamide gels. Immunoblotting and IMPD protein detection were performed as previously described (Sherley and Kelly, 1988) by use of an affinity-purified IgG fraction of anti-hamster IMPD antiserum generously provided by Dr. F. Collart (Argonne National Laboratory, Argonne, IL; Collart and Huberman, 1988) .
Densitometry
Autoradiograph band densities were quantified with an UltroScan XL scanning laser densitometer (Pharmacia LKB, Uppsala, Sweden). To ensure that all measurements were within a linear range, multiple exposures of varied time were compared for each gel, and only autoradiographic bands determined to be within the linear range of film response for a given exposure time were included in the analyses.
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RESULTS
Gene Transfer Analysis of IMPD in p53-Dependent Growth Suppression
Recently, we have described murine fibroblast cell lines that conditionally express wild-type murine p53 at physiological levels in response to zinc Liu et al., unpublished data) . Upon p53 induction, these lines exhibit a reversible, partial cell cycle arrest in early S phase, without significant cell death or detectable apoptosis. In addition to the zinc-dependent p53-inducible lines, control lines for these studies were derived with zinc-inducible plasmid constructs deleted for p53 coding sequences (Con-2, Con-3). Using this series of cell lines, in addition to a temperature-dependent series of p53-inducible cells, we showed that IMPD activity, protein and mRNA are consistently reduced in response to p53 expression (Liu et al., unpublished data) .
In earlier work, we performed experiments that suggested that reduced IMPD activity is the cause of p53-dependent growth suppression in p53-inducible cells (Sherley, 1991; Sherley et al., 1995a) . Specifically, we showed that precursors that promote formation of guanine ribonucleotides in the absence of normal IMPD function prevent p53-dependent growth suppression. As a direct test of the hypothesis that reduced IMPD activity is required for p53-dependent growth suppression, we used gene transfer experiments to evaluate the ability of a constitutively expressed IMPD to prevent p53-dependent colony formation suppression in the zinc-dependent cell lines.
As shown in Figures 1 and 2 , in colony formation assays p53-dependent growth suppression was prevented in two different zinc-dependent lines by transfection of a hamster IMPD cDNA expression plasmid. Quantification of four independent experiments performed in triplicate for the Ind-8 line indicated that IMPD transfection could effectively prevent p53-dependent colony formation suppression (Figure 2 ). were cotransfected with 2 g of a plasmid conferring resistance to neomycin and either 5 g of a plasmid containing a hamster IMPD cDNA driven by the simian virus 40 early promoter (C and F) or 5 g of a derivative plasmid deleted for the IMPD sequences (A, B, D, and E). Two days after transfection, the cells were trypsinized and replated at 1:10 their initial density into 6-well culture plates containing selective medium (i. e., growth medium containing both puromycin and neomycin; A and D) or selective medium containing 40 M ZnCl 2 to induce p53 expression (B, C, E, and F). Ten days later cell colonies were stained with crystal violet and photographed. Although not shown here, in the absence of ZnCl 2 , IMPD gene transfection did not significantly alter the frequency of resistant colony formation (see Quantitative analysis of IMPD gene transfer experiments. Puromycin-resistant, zinc-dependent, p53-inducible cells (Ind-8) and p53-null control cells (Con-3) were cotransfected with 2 g of a plasmid conferring resistance to neomycin and either 5 g of a plasmid containing a hamster IMPD cDNA driven by the simian virus-40 early promoter (IMPD) or 5 g of a derivative plasmid deleted for the IMPD sequences (Vector). Two days after transfection, the cells were trypsinized and replated at 1:10 their initial density in selective medium (i.e., growth medium containing both puromycin and neomycin (0, open bars) or selective medium containing 40 M ZnCl 2 to induce p53 expression (Zn, closed bars). Ten days later, resistant cell colonies were stained with crystal violet and counted. For each pairwise comparison, the data were normalized to the number of colonies detected under noninducing conditions (i.e., 0 M ZnCl 2 ). The averaged colony formation data from four independent transfection experiments, each plated in triplicate, are graphed. Error bars denote the SD of the data.
Transfections with control cells demonstrated that the positive growth effect conferred by the hamster IMPD expression plasmid is only observed in cells undergoing p53-dependent growth suppression (Figure 1 , compare E and F to B and C). Thus, the prevention of growth suppression by IMPD is not due to general growth stimulation; and in fact, transfection of higher amounts of the IMPD expression plasmid than used in these experiments resulted in general growth suppression (our unpublished observations).
To ensure that increased IMPD expression resulted in all IMPD transfections, we examined IMPD protein levels by immunoblot analysis of extracts from pooled transfected colonies. Compared with pooled vector transfectants (i.e., cells transfected with the expression plasmid deleted for IMPD coding sequences), pooled impd transfectants expressed 50% more IMPD protein on average (1.5 Ϯ 0.16-fold increase; n ϭ 4). This was true of transfected control cells (Con-2, Con-3; 1.5-fold and 1.5-fold, respectively) as well as of p53-inducible cells (Ind-4, Ind-8; 1.3-fold and 1.7-fold, respectively). This result confirmed that the failure of the IMPD plasmid to stimulate growth in control cells was not due to a smaller increase in IMPD protein, further highlighting the p53-specific nature of growth activation by IMPD.
Derivation and Characterization of Clonal p53-Resistant impd Transfectants
To investigate further properties of impd-transfected, p53-inducible cells, we expanded colonies derived from Ind-8 cells transfected with the hamster IMPD cDNA and selected under p53-inducing conditions (45 M ZnCl 2 ; Lines tI-1, tI-3, tI-5). To identify effects specific for impd transfection, we also derived control cell clones from Ind-8 cells transfected with vector DNA and selected in the absence of zinc (tC-2 and tC-4). The impd transfectants expressed a new 2.8-kb mRNA detected by Northern blot analysis with an IMPD-specific nucleic acid probe (see Figure 6 , "trans"). The larger size of this mRNA is thought to arise from altered processing of the hamster IMPD message because of its construction with heterologous expression elements. Immunoblot analyses of protein extracts for impd transfectants indicate increased IMPD expression both in the presence and absence of zinc (Figure 3) . In some impd transfectants the level of IMPD protein decreases upon p53 induction (Figure 3 , tI-1) as in control vector transfectants (Figure 3, tC-4) . However, for all examined impd transfectants, IMPD protein maintains a level greater than that of vector transfectants under noninducing conditions (tI-1, 270% more; tI-3, 20% more).
To evaluate whether increased IMPD protein in impd transfectants conferred increased IMPD activity, we examined their resistance to mycophenolic acid (MPA), a potent and specific inhibitor of the enzyme (Lee et al., 1985; Allison et al., 1993) . This method of evaluation has the advantage over cell extract assays of providing an in vivo measure of IMPD function. Previous workers have shown that increased cellular IMPD activity confers resistance to growth arrest by MPA (Ullman, 1983; Collart and Huberman, 1987; Hodges et al., 1989; Lightfoot and Snyder, 1994) . Consistent with their increased expression of IMPD protein, impd transfectants show greater resistance to MPA than control vector transfectants (Figure 4 ). Line tI-1, which exhibits the higher level of IMPD protein expression (compare Figure 3) , exhibits greater resistance in the absence of p53 induction (Figure 4 , 0 M zinc). For line tI-3, which exhibits only a modest increase in IMPD protein, increased resistance is only manifest upon p53 induction (Figure 4 , compare closed squares in 0 M zinc and 75 M zinc panels). This finding is entirely consistent with the fact that the greatest difference in IMPD expression noted between line tI-3 and control vector transfectants is under p53-inducing conditions when the control cells show increased sensitivity to MPA, a predicted consequence of p53-dependent IMPD repression (Figure 4 , compare open circles in 0 M zinc versus 75 M zinc).
As a final evaluation of the effect of constitutive IMPD expression on p53-dependent growth suppression, we compared the growth response of clonally derived impd transfectants and control vector transfectants to p53 induction. As shown in Figure 5 , whereas vector transfectant cells retain the property of p53-dependent growth suppression in the presence of zinc, all examined impd transfectant cell clones show a decreased response, with two clones (tI-3 and tI-5) exhibiting complete loss of zinc-dependent growth sup- pression. In contrast, under noninducing conditions, the doubling time of impd transfectants is not significantly different than that of control vector transfectants (see Figure 5 , inset table), even though under this condition the total level of cellular IMPD in some impd transfectants is maximal owing to greater expression of endogenous IMPD in the absence of p53 induction (Figure 3 , compare lane tI1-0 to tI1-zinc). Like the observation described earlier, that iMPD gene transfer did not enhance colony formation by p53-null control cells, this result further illustrates the point that the growth-enhancing effect of constitutive IMPD expression is restricted to cells undergoing p53-dependent growth suppression.
Expression of p53-Responsive Genes in p53-Resistant, impd Transfectants
Despite the loss of p53-dependent growth suppression, the impd transfectants still show zinc-dependent expression of p53 protein (our unpublished results) with wild-type gene activation function. The wildtype function of the induced p53 protein was confirmed by examination of the expression of mRNAs for three genes, waf-1, bax, and mdm-2, which are known to be induced by wild-type p53, but not by mutant forms of the protein (Barak et al., 1993; ElDeiry et al., 1993; Miyashita et al., 1994; Selvakumaran et al., 1994; Miyashita and Reed, 1995) . All three mRNAs show similar level of zinc-dependent induction in impd transfectants as observed in the original untransfected p53-inducible cells (see Liu et al., unpublished data) and control vector transfected cells (Figure 6 ). The apparent reduction in bax mRNA expression for line tI-3 in Figure 6 is due to an underloaded gel lane, as indicated by the reduced signal for control L32 mRNA. After normalization to the reduced level of L32 mRNA, bax expression in line tI-3 is found to be induced 1.6-fold in response to zinc-induced p53 expression. The retention of the expression response of waf-1, bax, and mdm-2 confirms that conditional wild-type p53 function is intact in impd transfectants. Thus, this evaluation indicates that impd transfectants are "p53 resistant," actively dividing despite expressing typically growth-suppressive levels of wild-type p53 protein.
DISCUSSION
Gene Transfer as a Tool to Investigate p53-Dependent Growth Mechanisms
There have been many previous reports of genes that are able to overcome p53-induced growth suppression effects in gene transfer experiments. These include genes for the simian virus-40 T-antigen (MichaelMichalovitz, 1991; Segawa et al., 1993; Quartin, et al., 1994) , human papilloma virus E6 (Kessis et al., 1993; Spitkovsky et al., 1996) and E7 (Vousden et al., 1993) , adenovirus E1A (Lin et al., 1995) and E1B (Shen and Shenk, 1994) , mdm-2 (Finlay, 1993; Chen et al., 1994) , activated H-ras (Lin et al., 1995) , c-myc (Hermeking and Eick, 1994) , bcl-2 (Chiou et al., 1994; Shen and Shenk, 1994; Guillouf et al., 1995; Wang et al., 1995) , cdk4 and cdk6 (Latham et al., 1996) , B-myb , MAP4 (Murphy et al., 1996) . Some of these gene products (T-antigen, E6, E1B, and mdm-2) interfere with p53 function by direct interaction; and all affect cell growth by p53-independent pathways as well. This is an important distinction from our studies. The fact that previously studied p53-modulating genes also exhibit p53-independent growth effects confounds their assignments to p53-specific mechanisms of growth suppression. Finally, the issue of the physiological relevance of results obtained with supranormal expression of transfected genes is a concern for previous gene transfer experiments.
Our studies with IMPD avoid many of the problems encountered in previous gene transfer studies of p53 function. First, the fact that impd transfectants retain intact wild-type p53 transactivation activity, as measured by the induction of three different p53-responsive genes, suggests that IMPD does not interfere with p53 function directly. Second, the transfected impd minigene does not confer general growth stimulation. Although it enhances the growth of cells undergoing p53-dependent growth suppression, it has no detected growth effects on exponentially dividing control cells. This relationship strongly supports the interpretation that constitutive IMPD expression prevents p53-dependent growth suppression by intercession in p53-specific growth control mechanisms, and not by independent growth activation. Third, in fact, the amount of constitutive IMPD expression necessary for the production of p53-resistant cells approximates normal basal IMPD levels in noninduced cells (in Figure 3 compare tC-4, 0 to tI-3, zinc). This modest requirement underscores our original proposal that small changes in IMPD activity in response to physiological variation in wild-type p53 expression have profound effects on cell division (Sherley, 1991; Sherley et al., 1995a,b; Liu et al., unpublished observations) .
p53, IMPD, and Purine Ribonucleotide Metabolism
Our studies (Sherley, 1991) are the first to suggest a relationship between p53-dependent growth suppres- Figure 6 . p53-responsive gene expression is intact in p53-inducible impd transfectants. Five micrograms of total cytoplasmic RNA isolated from control, p53-inducible, vector transfectant (tC-2, tC-4), and impd transfectant (tI-1, tI-3) cells, grown for 2 d under standard conditions in Zn-free growth medium (Ϫ) or medium containing 75 M ZnCl 2 (ϩ; wild-type p53-inducing condition), were examined by Northern blot analysis with sequential hybridization to specific DNA probes to detect the indicated mRNAs as described in MA-TERIALS AND METHODS. The faster mobility IMPD mRNA derives from the endogenous mouse impd gene (endo), and the slower mobility IMPD mRNA derives from the stably transfected hamster impd cDNA (trans). sion and nucleotide metabolism. Subsequently, other reports have appeared in which specific inhibitors of nucleotide metabolism were used to evaluate the function of the p53-dependent G 1 checkpoint with respect to gene amplification or nucleotide pool perturbations. Two studies have shown that the p53-dependent checkpoint can function to prevent amplification of specific drug resistance genes (Livingstone et al., 1992; Yin et al., 1992) . A third study found that whereas inhibitors that deplete deoxyribonucleotide pools cause an S-phase arrest independent of p53 status, inhibitors that deplete ribonucleotides cause a G 1 arrest in cells with wild-type p53 function, but an Sphase arrest in p53 null cells (Linke et al., 1996) . Conversely to our hypothesis, the authors of this study suggested that their results may indicate the ability of p53 to function as a sensor of ribonucleotide pool perturbations for the purpose of signaling a quiescent G 1 arrest under conditions of poor nutrients. Because of the significant differences between the experimental strategies used, it is difficult to discern a relationship between our results of those of previous studies.
Beyond its role in controlling guanine nucleotide production, IMPD is an important enzyme for the synthesis of bioenergetic and regulatory adenine nucleotides, as GTP is required for de novo ATP biosynthesis (Lehninger, 1975) . This relationship positions IMPD as one of two essential enzymatic regulators (succinyl-AMP synthetase being the other) of the GTP: ATP balance in cells. This balance may be a critical integration factor that links the regulation of different types of cell signals whose transduction is based on either GTP hydrolysis or ATP-dependent phosphotransfer. In support of this hypothesis, the GTP:ATP ratio across diverse cell types shows an extraordinarily small degree of variation (0.24 Ϯ 0.11 for 14 independent determinations from 11 individual reports; Nelson et al., 1976; Jackson et al., 1977; Cohen et al., 1981; Cohen and Sadee, 1983; Gruber et al., 1985; Lee et al., 1985; Hodges et al., 1989; Glesne et al., 1991; Zhen et al., 1992; Balzarini et al., 1993; Jayaram et al., 1993) .
In addition to its role in maintaining GTP levels and GTP:ATP balance, there is evidence that alterations in IMPD expression also affect the cellular GTP:GDP ratio (Lui, 1984; Jayaram et al., 1993) . This guanine nucleotide ratio is believed to be a critical factor for proper functioning of a variety of signal transduction G proteins like the proto-oncogene ras. When GTPbound, G proteins are competent for signal transduction. Hydrolysis of the ␥ phosphate of GTP renders them GDP bound and inactive for signaling. This signaling mechanism is thought to be insensitive to changes in overall cellular guanine ribonucleotide concentration, because the dissociation constants for GTP and GDP are many orders of magnitude less than estimates of cellular GTP and GDP concentration (Gibbs and Marshall, 1989; Bourne et al., 1990 Bourne et al., , 1991 . In a number of studies, it has been shown that highly specific inhibitors of IMPD produce decreases in the GTP:GDP ratio that are sufficient to compromise the signaling activity of particular G proteins (Franklin and Twose, 1977; Kharbanda et al., 1990; Rizzo et al., 1990) . In our studies, the reduction in guanine nucleotide synthesis observed in response to wild-type p53 expression is of similar magnitude (Sherley, 1991) , and thus may produce similar signaling effects. Of course formally, we must consider that presently any of the guanine ribonucleotides downstream of the IMPD reaction [i.e., including xanthosine-5Ј-monophosphate (XMP), GMP, and cyclic GMP] is a viable candidate for the predicted critical nucleotide(s) whose concentration mediates p53-dependent growth suppression.
Relationship Between IMPD and Other p53-Responsive Genes
The finding that p53-resistant, impd transfectants retain p53-induced bax and waf1 expression is intriguing, as these two genes have been proposed as essential p53 targets that mediate p53-dependent growth suppression (El-Deiry et al., 1993; Miyashita et al., 1994; Selvakumaran et al., 1994; Deng et al., 1995) . However, the studies leading to this conclusion were performed under conditions of DNA damage, growth factor withdrawal, or oncogene activation, which lead to apoptosis and cell death. In contrast, our studies are performed under normal cell culture conditions to minimize physiological perturbations (Sherley, 1991; Liu et al., unpublished observations) . Given this difference, one possible explanation for the absence of growth suppression in response to waf1 and bax induction in impd transfectants is that the two proteins may not function to arrest cell growth in the absence of cellular damage. Consistent with this possibility, there is a striking absence of apoptosis in our studies (Sherley, 1991; Sherley et al., 1995a; Lui et al., unpublished data) , and although p53-dependent cell cycle arrest is observed, it occurs in S phase (Sherley, 1991; Liu, et al., unpublished data) and not in G 1 as described in studies of waf1 and p53-dependent growth suppression.
Studies with cells from mice with a germline disruption of the waf1 gene indicate that the growth suppression function of the waf1 protein is limited to conditions of DNA damage (Brugarolas et al., 1995; Deng et al., 1995) . However, although waf1 overexpression has been shown independently to cause cell cycle arrest (El-Deiry et al., 1993; Chen et al., 1996) , existing evidence does not support the hypothesis that it is ratedetermining for p53-dependent growth suppression (Attardi et al., 1996) . Studies of bax function in transgenic mice indicate that although it is a clear effector of cellular apoptosis (Oltvai et al., 1993; Knudson et al., 1995) , it is not the rate-determining factor for p53-dependent apoptosis (Brady et al., 1996) .
If bax and waf1 are active in growth suppression under the conditions of our studies, then these results demonstrate that their function requires a p53-dependent reduction in IMPD activity. A better understanding of the relationship between IMPD, bax, and waf1 will require more in-depth analyses of the expression (i.e., protein expression) and function of these proteins in p53-resistant impd transfectants. Although we are not aware of any reports of discordant expression of either bax or waf1 mRNA and protein, we have not yet ruled out the possibility that bax protein is not expressed in impd transfectants. In the case of waf1, in preliminary analyses, we have shown that both the expression of the protein and its presence in CDKdependent kinase complexes are not significantly altered in impd transfectant cells (our unpublished results).
Our studies provide three examples of elevated bax and waf1 expression without detectable growth suppression in two different cell types (Liu et al., unpublished data; this report). However, in only one of these three examples is there direct experimental evidence that IMPD is responsible. Thus, at this stage of these studies some caution is warranted in the general conclusion that IMPD is epistatic to bax and waf1 under physiological conditions. Formally, it has not been established that the waf1 and bax proteins expressed in the fibroblasts used in this study are competent to induce cell cycle arrest and apoptosis, respectively. Of course, such reasoning leads to a conundrum, given the premise that p53-dependent growth suppression requires waf1 and/or bax induction. The question of the generality of this newly defined relationship among IMPD, waf1, and bax will be resolved when similar data are available from varied cell types.
Candidates for Sensors of p53/IMPD-Dependent
Changes in Guanine Nucleotide Metabolism IMPD might overcome growth suppression effects of waf1 and bax by acting upstream, downstream, or independently of them in their respective genetic pathways for cell cycle arrest and apoptosis (see Figure 7) . In any event, the finding that this enzyme mediates p53-dependent growth regulation predicts a regulatory role for guanine ribonucleotide metabolism in cell cycle control. Such regulation might occur by either of two mechanisms. First, our observations may reflect integrated regulation of internal cyclin-dependent kinase cell cycle programs and previously described GTP-dependent signal transduction pathways involved in the transduction of external growth stimuli. Second, they may indicate direct regulation by GTP-sensor proteins that monitor p53/IMPD-dependent changes in guanine ribonucleotide metabolism and respond by modulating internal signaling programs for cell division.
Integrated signaling regulation might occur either vertically in the same signaling pathway or horizontally between distinct signaling pathways. An example of vertical signal integration by the GTP:ATP ratio might occur in the path of external growth signals from ATP-dependent receptor tyrosine kinases; to GTP-dependent ras; to ATP-dependent raf and mitogen-activated protein kinases (Hunter, 1995) . Horizontal GTP:ATP-dependent signal integration might occur in the recently described link between GTPdependent ras signaling and cell cycle regulation control by the retinoblastoma gene product, which involves the ATP-dependent cyclin kinases (Peeper et al., 1997) . In either scenario, p53-dependent IMPD regulation may limit the transmission of external signals by rapidly decreasing the activation state of G proteins like ras, due to an initial effect on the GTP:GDP ratio, and subsequently modulating signal propagation by ATP-dependent kinases like raf, mitogen-activated Figure 7 . Potential relationships between IMPD and putative mediators of p53-dependent growth suppression. The left branch of the flow diagram depicts IMPD in its role as a rate-determining mediator of p53-dependent growth suppression in the absence of cellular damage. Reduced IMPD activity in response to p53 expression is obligatory for p53-dependent growth suppression under normal growth conditions. This experimental response is proposed to reflect a physiological response to variation in growth factor levels or other tissue factors in vivo that serves to modulate the levels of a critical guanine ribonucleotide(s) (rGNPs) required for cell cycle progression. These studies call into question the presumed role of bax and waf1 as induced mediators of p53-dependent growth suppression. This apparent conflict may be resolved by a restriction of bax and waf1 function to states of DNA damage or by a dependence of their function on guanine ribonucleotides regulated by IMPD.
protein kinases, or cyclin kinases via secondary effects on ATP production. Such integrated regulation would quickly dampen incoming growth signals while providing a more gradual deceleration of overall signaling activity. This type of regulation would allow for measured, smooth transitions in signal reception while preserving the overall stability of intracellular signaling. Thus, p53 may function as a homeostatic factor for growth signal transduction via its regulation of IMPD and guanine ribonucleotide metabolism.
Another type of integrated signal regulation may occur at the level of individual signaling molecules, i.e., some signaling proteins can use either ATP or GTP as substrate. Because of differences in the chemical structure of the adenine and guanine base, important conformational differences may occur when a signaling protein binds one versus the other nucleotide. Since these structural differences could dictate the outcome of interactions with signaling partners, the GTP: ATP balance may regulate the quality and efficiency of signal transduction in certain pathways. Supporting the hypothesis that single-site, integrated signal regulation by the GTP:ATP ratio occurs, exceptions to the "ATP phosphotransfer-GTP hydrolysis rule" have been described. There are numerous examples of protein kinases that use GTP as substrate as well as ATP (Cochet et al., 1981; Pelech et al., 1987; Putnam-Evans et al., 1990; Stoehr and Smolen, 1990; Yamashita et al., 1992; Hide et al., 1994) . Two ras-related GTPases have been described that bind and hydrolyze ATP Uritani and Miyazaki, 1988; Onozawa et al., 1995) , and for one of them, ras1p of S. pombe, the possibility of ATP serving as an important effector has been discussed (Onozawa et al., 1995) . It would be more surprising if signaling enzymes of this type did not exist, and in fact, more than anything else, the ATP phosphotransfer-GTP hydrolysis rule may actually reflect the fact that the nucleotide substrate specificity of many proteins described in cellular signaling has not been investigated.
The second mechanism suggested to account for growth regulation by p53 and IMPD, direct regulation of intracellular cell cycle programs by GTP-sensor proteins, has support from recent studies in this area. Three proteins were recently described with unique properties that make them excellent candidates for the predicted GTP sensors. The first candidates, Rho GTPases, have been implicated in modulating the activity of cyclin kinases that regulate cell cycle progression. In their active GTP-bound state, these proteins are reported to promote the degradation of the cyclin kinase inhibitor p27Kip1, a required event for G 1 -S transition (Hirai et al., 1997) . There is evidence that the activity of the second candidate, the Ran GTPase, is required for the activation of Cdc2/cyclin B complexes for S phase-coupled mitotic progression of Xenopus egg extracts (Clarke et al., 1995) . The third candidate GTP-sensor protein is the S. cerevisiae cell cycle control protein CDC6. CDC6 is a rate-determining factor for the initiation of DNA replication (Liang et al., 1995; Cocker et al., 1996) that exhibits ATP/GTPase activity (Zwerschke et al., 1994) . Recently, it was found to interact with B-cyclin/Cdc28 complexes that regulate entry to mitosis. This interaction may indicate a mechanism to restrain mitosis until the completion of DNA replication (Elsasser et al., 1996) . Evolutionarily conserved homologues of CDC6 have also been described in S. pombe, Xenopus laevis, and humans (Sanders et al., 1997) . All three GTP-sensor candidates share the essential feature that a reduction in guanine ribonucleotide metabolism is predicted to lead to failed cell cycle progression because of a decrease in their GTP-dependent function. In particular, CDC6 is an especially attractive candidate, because its substrate specificity qualifies it as a target for single-site, integrated signal regulation by the GTP:ATP ratio as well.
IMPD, p53, and Cancer
Our studies implicate the impd gene as a p53 target whose repression is required for p53-dependent growth suppression. IMPD is an ideal choice to play a pivotal role in the function of a cancer gene like p53 that functions to regulate cell growth in diverse tissues. IMPD is an essential, ubiquitously expressed enzyme that is rate limiting for the biosynthesis of guanine ribonucleotides, which are universal regulators of diverse processes required for normal cell function and growth. Long before our notice of a functional relationship between p53 and IMPD, the enzyme was well known for its regulatory effects in cell growth, differentiation, and cancer.
IMPD has been a target for cancer chemotherapy for the past 30 years (Carter et al., 1969; Robins et al., 1982; Tricot et al., 1989; Zhen et al., 1992) , and more recently it has also been targeted for antiviral (Streeter et al., 1973; Nelson et al., 1977; Colacino et al., 1993) , antiparasitic, and immunosuppressive chemotherapy as well (Allison et al., 1993; Natsumeda and Carr, 1993) . Because of dose-limiting toxicities, IMPD inhibitors have shown poor efficacy in cancer chemotherapy trials (Tricot et al., 1989; Natsumeda and Carr, 1993) , and immunosuppression trials are ongoing (Allison et al., 1993) . Our studies suggest that there is potential for significant clinical benefit from the continued elucidation of molecular aspects of IMPD function in the context of p53-dependent cell growth control. For example, knowledge of molecular differences between IMPD expression and function in the presence and absence of normal p53 function may lead to the design of compounds that selectively inhibit the enzyme in tumors containing p53 mutations, while sparing normal tissues with wild-type p53 function. Given the high frequency of p53 mutations in diverse human tumors (Hollstein et al., 1991) , such compounds would have broad application in cancer treatment.
Our studies establish reduced IMPD activity as an essential requirement for p53-dependent cell cycle arrest in the absence of cellular damage. This initial definition does not preclude a role for the enzyme in p53-dependent growth regulation under nonphysiological conditions such as DNA damage, as its involvement in such processes has yet to be assessed. The hypothesis that p53 functions to regulate normal cell growth predates recent hypotheses that focus on p53 function in states of cellular damage (Finlay et al., 1989) . These two schools of thought are not incompatible, and aspects of each may be relevant to normal tissue proliferation and the initiation and progression of cancer.
Although our goal has been to focus on molecular mechanisms involved in p53-dependent growth regulation in the absence of experimentally induced cellular damage, we cannot exclude the possibility that even under physiological conditions p53 requires a small degree of cellular damage to initiate cell cycle arrest (e.g., intrinsic DNA strand breakage and base mispairing that occur as a part of routine DNA metabolism). Experimental elevation of p53 may simply lower the cellular threshold for a cell cycle arrest response to such damage. On the other hand, there may be a distinct role for p53-dependent growth regulation in the absence of cellular damage as a cell growth homeostasis control to counter the effects of tissue factors that stimulate cell growth (see Figure 7) . Evidence for such a role has been noted in skin wounding experiments in swine. At late times in the repair of skin incisions, when the normal epithelial architecture is nearly restored, high levels of p53 expression are observed in dividing basal cells (Antoniades et al., 1994) . This finding is consistent with the idea of an induction of p53 to modulate the rapid division of these cells during the healing process.
Although the results presented herein are based in cell culture experiments, they have implications for the significance of p53 mutations in human cancers. They indicate that p53 mutations in human cancers reflect a significant requirement for increased guanine ribonucleotide biosynthesis for tumorigenesis. This requirement may be in effect even in tumors that exhibit wild-type p53 function. Such tumors are predicted to have other alterations that accomplish the same disruption as p53 mutation, i.e., increased guanine ribonucleotide levels with accompanying increases in GTP:GDP and GTP:ATP ratios. Given the high frequency of p53 mutations in diverse human cancer, such perturbation of purine ribonucleotide metabolism may be a universal requirement for tumorigenesis. We propose that such perturbations cause deregulation between specific points of cell signaling integration, resulting not only in aberrant responsiveness to external growth factors, but also a dysregulation of intracellular signals that automate cell division after activation by extracellular growth stimuli. We predict that cellular factors that control purine ribonucleotide-dependent signaling integration in response to effects of p53-dependent IMPD regulation will be an important new class of molecules to target for the treatment of cancer and other diseases of cellular proliferation.
